a r t i c l e s
The median age was 19 years (range, 7-30 years); all patients had undergone at least one prior hematopoietic stem cell transplantation (HSCT), and two patients had each received two prior HSCTs (Supplementary Table 1 ). Seventeen patients had received prior CD19-directed immunotherapy, including 15 who received CD19-targeted CAR (CD19-CAR) therapy. Lymphoblasts were CD19 − or CD19 dim in ten patients, including nine following CD19-CAR therapy and one following treatment with blinatumomab. Median bone marrow blast percentage was 70.5% (range, 1-99%), and all were classified as central nervous system 1 (CNS1; <5 white blood cells (WBC)/µl blood and no blasts). Median CD22 site density was 2,839 molecules per cell (range, 613-13,452). Fourteen patients exhibited B cell aplasia at the time of enrollment (B cell counts, <50 cells/µl blood), including seven patients who had received prior therapy with a CD19-CAR, suggesting that the patients experienced ongoing effects from the previous CAR therapy. All treated patients received the intended protocol-specified dose of T cells modified to express the anti-CD22 CAR construct, which was based on a previously reported binding domain 30 that was modified to incorporate a 4-1BB endodomain, which has been shown to improve persistence 31 . A schematic of the anti-CD22 CAR construct is shown in Figure 1a . Characteristics of the infused products containing CD22-CAR T cells are shown in Supplementary Table 2 .
Toxicity
The primary toxicity experienced by patients was cytokine release syndrome (CRS) [11] [12] [13] , which occurred in 16 of 21 patients, coincided with CAR T cell expansion and began after day 5 of treatment in all patients in whom it developed. Protocol-defined (Online Methods) grade 1 CRS occurred in nine patients, and grade 2 CRS occurred in seven patients. Patient 2 experienced grade 3 self-limited, noninfectious diarrhea during CRS, which resolved with supportive care; however, it resulted in dose-limiting toxicity (DLT) at the first dose level, requiring a protocol-specified expansion of the first dose level to six patients. No further DLTs were observed at the first dose level. Three patients subsequently received dose level 2 (1 × 10 6 CD22-CAR T cells per kg body weight) with no evidence of DLT. Two patients then proceeded to dose level 3 (3 × 10 6 CD22-CAR T cells per kg body weight), and patient 10 developed dose-limiting grade 4 hypoxia that was associated with rapid disease progression. The patient required brief intubation, and complete resolution of the hypoxia occurred within 24 h of initiation of steroid treatment. A second patient was safely treated at this dose level without DLT. On the basis of the single case of DLT at dose level 3 and the clinical activity associated with substantial CD22-CAR T cell expansion and persistence at dose level 2, a dose of 1 × 10 6 CD22-CAR T cells per kg body weight was identified as the recommended phase 2 dose, and the cohort was expanded to include ten additional patients (n = 13 total at dose level 2). One subject (patient 14) with a preenrollment history of multiorgan failure due to sepsis died from gram-negative rod sepsis that developed after resolution of CRS and neutrophil count recovery to >1,000 cells/µl blood. Prospective neurotoxicity evaluations demonstrated no irreversible neurotoxicity or seizure. Among the first 16 patients with complete assessments, transient visual hallucinations (n = 2), mild unresponsiveness (n = 1), mild disorientation (n = 1) and mild-moderate pain (n = 2) were observed but returned to baseline by day 28 post-infusion. B cell aplasia (<50 cells/µl blood) was noted in all patients who achieved remission, including patients who were not previously B cell aplastic. Grade 3-4 toxicities possibly, probably or definitely attributed to the CD22-CAR are listed in Supplementary Table 3 .
CD22-CAR T cells demonstrate robust expansion and antileukemic activity
Data regarding CAR T cell expansion, persistence and response for individual patients are summarized in Supplementary Table 4 . CD22-CAR T cells were detected in the peripheral blood in 19 of 21 treated patients and peaked on day 14 (Fig. 1) . The median peak expansion was 62% of circulating T cells expressing the CD22-CAR ( Fig. 1b; range 1-91% ), the median number of circulating CAR T cells was 316 cells/µl blood ( Fig. 1c; range, 1-3,593 cells/µl blood) and the median peak expansion in the first 16 patients, as measured through PCR of the CAR DNA sequence, was 7,007 copies/100 ng DNA ( Fig. 1d ; range, 15-30,500 copies/100 ng DNA). On day 28, CAR T cells remained detectable in the peripheral blood in 15 of 21 patients, in the bone marrow in 15 of 19 patients for whom bone marrow flow cytometry was performed (median, 25%; range, 0-78.2%) and in the cerebrospinal fluid (CSF) in 12 of 17 patients for whom CSF analysis was performed (range, 21-71.6%). CAR T cells remained detectable in the blood of seven of nine patients evaluated 3 months post-infusion, in two of three patients evaluated at 6 months post-infusion, and in one patient evaluated at 9 months post-infusion and one patient evaluated at 18 months post-infusion, both of whom were in ongoing remission at the time points at which they were evaluated.
Twelve patients (57%) achieved complete remission (CR) (Figure 2a) ; nine were MRD negative (Supplementary Table 4 ). Response varied with the administered cell dose. At the first dose level (3 × 10 5 CD22-CAR T cells per kg body weight), 1 of 6 patients attained CR as compared to 11 of 15 patients (73%) at doses of ≥1 × 10 6 CD22-CAR T cells per kg body weight (P < 0.001, Fisher's exact test). Among patients receiving ≥1 × 10 6 CD22-CAR T cells per kg body weight, CR occurred in nine of ten patients who had received prior CD19-directed immunotherapy, including all five patients who enrolled with CD19 dim or CD19 − B-ALL and one patient who was refractory to both CD19-CAR and blinatumomab therapies (patient 11). Thus, we saw no evidence that previous CD19-directed immunotherapy or diminished surface expression of CD19 impacted response to CD22-CAR T cells. Figure 2b illustrates response in patient 2, whose leukemia exhibited diminished CD19 surface expression and who had substantial disease burden; this patient experienced MRD-negative CR following infusion of 3 × 10 5 CAR T cells per kg body weight. Similarly, patient 15 had complete absence of cell-surface CD19 expression and high disease burden, but attained MRD-negative remission with grade 1 CRS and considerable lymphocyte expansion (Fig. 2c,d ). Reponses were also seen in patients with extramedullary disease, including patient 13, who attained MRD-negative bone marrow remission at day 28 with a steady decrease in fluorodeoxyglucose uptake in lymphomatous disease, which fully resolved by 5 months following CAR infusion (Fig. 2e) . Among the four nonresponders at dose levels 2 and 3, two (patients 10 and 18) had very high disease burden with rapid disease progression, which may have contributed to their lack of response. Two additional nonresponders (patients 12 and 17) expressed diminished or partial CD22 on leukemic blasts at the time of enrollment; this emerged following administration of inotuzumab ozogamicin, an anti-CD22-calicheamicin conjugate 29 , immediately before enrollment on this study.
Serum cytokines were measured serially in all patients during the first month following therapy initiation (Supplementary Figs. 1 and 2 , images from representative patients). Similar to previous reports following CD19-CAR T cell therapy, we saw a general correlation between high leukemia burden and high peak cytokine levels, as illustrated by patient 4 and patient 9.
Relapse is associated with diminished CD22 site density without detectable CD22 mutations or changes in CD22 mRNA levels Among the 12 patients who attained CR, 3 remained in ongoing CR at 21 months, 9 months and 6 months (Supplementary Table 4) . Eight patients relapsed at 1.5-12 months (median, 6 months) following CD22-CAR infusion, and relapse was associated with diminished CD22 surface expression in seven patients (Fig. 3a ). An illustrative example is provided by patient 9, who enrolled with CD19 − leukemia and experienced relapse at 6 months following CD22-CAR therapy with blasts that were both CD19 − and CD22 − (Fig. 3b) . Two patients who enrolled after receiving inotuzumab ozogamicin experienced early relapse, including patient 11, who relapsed at 1.5 months following CD22-CAR T cell infusion with low but variable CD22 surface expression on leukemic blasts (Fig. 3c) , and patient 15, who had CD19 − leukemia following CD19-CAR therapy and relapsed with variable CD22 surface expression that was diminished to negative at 2 months following CD22-CAR T cell infusion ( Fig. 3d ) despite high levels of circulating CD22-CAR T cells (Fig. 2c) .
Rather than the persistent and complete absence of target that has been reported following CD19-directed immunotherapy due to preferential expression of CD19 splice variants in resistant leukemia lacking the targeted epitope 16 , we observed a pattern of acquired resistance to the CD22-CAR associated with diminished ( Fig. 3) and variable ( Supplementary Fig. 3 ) CD22 site density, as assessed by flow cytometry (Online Methods). To determine whether diminished CD22 site density may have had a causal role in relapse in this setting through enabling escape of low-CD22-site-density (CD22 lo ) leukemic blasts from CD22-CAR T cells, we assessed the functionality of the CD22-CAR against NALM6-derived cell lines engineered to express varying CD22 site densities reflecting the range that was observed in this study (Fig. 4a) . Interferon (IFN)-γ ( Fig. 4b ) and IL-2 ( Fig. 4c) production by CD22-CAR T cells was reduced following exposure to NALM6 cells expressing a low CD22 density corresponding to levels observed at the time of relapse in patients following CD22-CAR therapy. Finally, although CD22-CAR T cells delay in vivo progression of CD22 lo ALL, leukemia progression eventually ensues (Fig. 4d) . These results implicate diminished CD22 surface expression on B-ALL cells as a mechanism for relapse following CD22-CAR therapy.
To identify possible genetic or transcriptomic mechanisms underlying the observed alteration in CD22 site density, longitudinal assessment of the CD22 genomic locus and corresponding mRNA was undertaken in two patients with diminished CD22 site density who relapsed following CD22-CAR treatment. Genome-wide copy number profiles of their leukemias remained stable despite substantial changes in CD22 site density. Heterozygosity at the CD22 locus was maintained, and no focal copy number changes were observed. Mutation analysis comparing the pretreatment and post-treatment samples demonstrated no acquired mutations within the CD22 locus ( Fig. 5a and Supplementary Fig. 4a ). Corresponding analysis of CD22 mRNA levels before and after CD22-CAR treatment revealed no qualitative change in the observed CD22 transcripts and provided no evidence for diminished transcription of CD22, as in each case total CD22 mRNA levels were slightly increased at the time that CD22 site density was diminished ( Fig. 5b and Supplementary Fig. 4b ). We saw no evidence for alternative CD22 isoforms as a cause of the observed downmodulation of CD22, although a new isoform cannot be ruled out. Furthermore, we studied a patient-derived xenograft model (PDX) in mice subjected to immune pressure with CD22-CAR T cells, which induced complete loss of CD22 cell-surface expression. Remarkably, such leukemias again showed no evidence of genetic mutation, changes in gene copy number or isoform expression, or diminished mRNA expression (Fig. 5c-e) . Together, the data implicate post-transcriptional effects in modulating CD22 protein levels rather than genomic mutation, modulation of gene expression or altered isoform expression.
A bispecific CAR targeting both CD19 and CD22 can recognize and kill CD19 + CD22 + , CD19 − CD22 + and CD19 − CD22 + B-ALL Multiagent combination chemotherapy is a central tenet of ALL therapy. The results presented here establish robust clinical activity of a new CAR-based therapeutic for the treatment of B-ALL, but they also illustrate the challenges associated with sequential administration of CD19-CAR followed by CD22-CAR therapy. We therefore sought to develop a bispecific CAR T cell that could simultaneously recognize CD19-and CD22-expressing targets. Using a single CAR construct that incorporates both CD19 and CD22 single-chain variable a r t i c l e s fragment (scFv) sequences into one bivalent receptor (Fig. 6a) , we demonstrate in vitro cytokine production against and killing of CD19 + CD22 + , CD19 + CD22 − and CD19 -CD22 + B-ALL cell lines (Fig. 6b,c and Supplementary Fig. 5 ). T cells transduced with this bispecific construct administered intravenously at a dose of 3 × 10 6 cells per mouse into NOD-SCID gamma (NSG) mice 3 d after injection of luciferase-expressing B-ALL demonstrated the ability to clear B-ALL (Fig. 6d) . Thus, the binding domain in the CD22-CAR validated in the clinical trial reported here can be combined with a CD19-binding domain validated as a CAR construct in multiple clinical trials to generate a single multitargeted CAR construct with the potential to overcome the leukemic resistance arising when either CAR is administered alone. DISCUSSION CD22, a sialic acid-binding immunoglobulin-like lectin (SIGLEC) expressed exclusively within the B cell lineage, is expressed on the vast majority of B cell malignancies, including B-ALL, indolent and high-grade non-Hodgkin's lymphoma, chronic lymphocytic leukemia and hairy cell leukemia 14, 19, 20, 32, 33 . Numerous CD22-directed therapeutics have been studied in clinical trials. Epratuzumab, an unconjugated anti-CD22 monoclonal antibody, mediated modest clinical activity in adult and pediatric B-ALL 21, 26, 27 . CD22 immunotoxins mediated clinical activity in hairy cell leukemia 23 and B-ALL 22 , but benefits were transient owing to the short half-life of the agent and substantial immunogenicity. A recent phase 3 trial of inotuzumab ozogamicin, an anti-CD22 monoclonal antibody conjugated to the toxin calicheamicin, demonstrated complete responses in 80.7% of patients with relapsed and/or refractory B-ALL 29 . However, liver toxicity limited the dose intensity that could be safely delivered, and the agent is associated with higher rates of veno-occlusive disease following subsequent HSCT 24, 34 .
We generated a new CAR targeting CD22, which we optimized by comparing potency across multiple scFvs and multiple co-stimulatory domains 19, 30, 35 . Therapeutics incorporating the scFv derived from the monoclonal antibody m971 binding domain 30 CD19 dim relapse. Notably, all enrolled patients had undergone previous HSCT, and patient 7, who had undergone two previous HSCTs before receiving the CD22-CAR T cells, has remained in remission 21 months following CD22-CAR therapy with persistent CAR T cells and has received no additional antileukemic therapy since treatment with the CD22-CAR T cells. Together, the data provide no evidence to suggest that previous chemotherapy or CD19-based immunotherapy diminishes the likelihood of remission induction following a r t i c l e s administration of bioactive doses of CD22-CAR T cells. The CD22-CAR studied here incorporates a 4-1BB co-stimulatory endodomain, and the T cells expressing it demonstrate a pattern of expansion and persistence similar to that observed following therapy with CD19-CAR T cells incorporating a 4-1BB endodomain; this is consistent with previous evidence that the CAR co-stimulatory domains play a dominant role in modulating the rate of expansion and the likelihood of persistence following CAR therapy 35 . CD22-CAR T cells also migrated efficiently to the CSF, but we observed no evidence for severe neurologic toxicity or seizures, which have been observed in studies of CD19-CAR therapy [11] [12] [13] . CARs targeting CD19 have demonstrated remarkable activity in B-ALL and diffuse large B cell lymphoma (DLBCL), and we demonstrate similar complete response rates in B-ALL with the CD22-CAR tested here. This is notable because numerous non-CD19-targeted CARs have entered clinical trials for B cell malignancies (CD20-CAR 36 , κ-CAR 37 , CD138-CAR 38 and BCMA-CAR 39 ), AML 40 and solid tumors, yet none of these have demonstrated complete response rates of >50%. This work therefore provides the first evidence that CD19 is not a uniquely effective target of CAR T cells and raises the prospect that similarly effective CARs could ultimately be developed for an array of antigenic targets. Future studies are needed to determine whether the high response rates observed with CD22-CARs in B-ALL will translate into similarly sizable response rates in DLBCL, in which CD22 expression is common.
CD19 is universally expressed at high levels on B-ALL at the time of diagnosis and is retained following cytotoxic therapy [41] [42] [43] . However, since the introduction of CD19-based immunotherapies, relapse with diminished or absent cell-surface CD19 has been increasingly observed and has emerged as the dominant mechanism of resistance to this class of therapeutics. CD19 immune escape was first reported following blinatumomab therapy 10 but has now been observed by several groups following CD19-CAR therapy 12, 44 . In a recent report of 50 patients who entered remission with CD19-CAR therapy with a median follow-up of 10.6 months, 40% of patients had relapsed and loss of the CD19 target accounted for 65% of the total relapses 17 . Thus, although the true incidence is unknown, CD19 immune escape is emerging as the most common cause of relapse following CD19-CAR therapy for B-ALL. Recent investigation into the biology of 'CD19-negative B-ALL' has revealed that the majority of cases retain mRNA encoding CD19 but are enriched for CD19 isoforms that lack cell-surface expression or epitopes targeted by all CD19 immunotherapeutics currently under study 16 . An alternative pathway for loss of or diminished CD19 expression involves lineage switch of blasts with acquisition of myeloid markers and characteristics 45 . None of the patients enrolled on this study appeared to manifest CD19 loss associated with lineage switch.
The data presented here demonstrate that diminished CD22 site density, rather than total loss of surface expression, is sufficient to permit escape of leukemia from CD22-directed CAR therapy. This is not unique to the CD22-CAR but rather reflects a pattern observed across CARs, which demonstrate a requirement for increased target antigen levels relative to those required for activation of native T cell receptors [46] [47] [48] [49] . Decrease in CD22 site density or complete CD22 loss was observed in seven of eight patients who relapsed following CD22-CAR-induced remission. Considering that CD22 surface expression is often variable at presentation, it appears likely that this phenomenon represents selection of pre-existing CD22 lo cells within the heterogeneous leukemia population. Notably, we identified no genetic basis for the change in surface expression and no evidence for diminished mRNA levels in leukemic cells demonstrating low CD22 site density, thus implicating post-transcriptional mechanisms in this biology. Regardless of the mechanism, decades of experience with cytotoxic chemotherapy for B-ALL have convincingly established that multimodal chemotherapy is required to achieve long-term remission. We propose, on the basis of clear evidence for CD19 antigen loss or downregulation following CD19-directed immunotherapy and evidence for diminished CD22 cell-surface expression contributing to relapse following sequential CAR therapy, that simultaneous immunotherapeutic targeting of multiple antigens may diminish the likelihood of tumor escape through antigen loss. Proof of principle for the bioactivity of a bispecific anti-CD19CD22-CAR in mice is demonstrated here. In summary, the majority of patients who develop CD19 immune escape following CD19-directed immunotherapy retain CD22 surface expression, and this report demonstrates that such leukemias remain susceptible to immune-based targeting. Furthermore, although we demonstrate proof of principle for sequential immunotherapeutic targeting of a second antigen mediating clinical benefit, we also observe a high rate of relapse associated with diminished CD22 cell-surface expression using this approach, raising the prospect that simultaneous multispecific targeting may be a more effective approach to enhance the durability of immunotherapy-induced remission in B-ALL. Toward this end, we have developed a CAR that simultaneously targets both CD19 and CD22, which could prove more effective at inducing remissions and could be less susceptible to relapse associated with antigen escape 50 . Clinical trials testing this CD19-CD22-mutispecific CAR are underway.
METhODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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ONLINE METhODS
Trial design and toxicity monitoring. This phase 1, first-in-human, dose-escalation trial conducted at the Pediatric Oncology Branch of the National Cancer Institute (NCI) was designed to test the safety and feasibility of CD22-CAR T cell therapy in children and young adults, aged 1-30 years, with relapsed or refractory CD22-expressing hematopoietic malignancies that had not responded to or had recurred following standard treatment regimens. The protocol was approved by the NCI Institutional Review Board and the NIH Recombinant DNA Advisory Committee (NCT02315612). Written informed consent for participation was obtained from patients or their parents according to the Declaration of Helsinki. This report represents an interim analysis from the first 21 consecutively treated patients with pre-B-ALL who received CD22-CAR T cell infusions between December 2014 and August 2016, with a data cutoff of 1 June 2017. A total of 23 patients were enrolled, but in one case T lymphocyte numbers were inadequate for CAR cell production, and thus this patient was not treated in the study; in a second case, the diagnosis was diffuse large B cell lymphoma, which is not included in this analysis of efficacy in B-ALL.
A standard 3 + 3 phase 1 dose-escalation design was used. If two of six patients experienced DLT at dose level 1, safety would have been evaluated in a de-escalated dose of 1 × 10 5 transduced T cells per kg body weight. Once the maximum tolerated dose (or the highest level evaluated) was reached, enrollment into an expansion cohort of a total of 12 patients in two strata proceeded in order to provide additional information regarding the feasibility, safety and efficacy of this treatment. In the expansion cohort, patients who previously received CD19-CAR T cells were evaluated as a separate stratum from CARnaive patients. All doses allowed a range of ±20% of the prescribed dose to allow for potential variations in the cell products.
Dose-limiting toxicity was defined as any toxicity that was grade 3 or above considered possibly, probably or likely related to either the lymphodepletion regimen or the CD22-CAR T cells with the exception of low electrolyte levels responding to supplementation, tumor lysis syndrome, hypoalbuminemia, liver dysfunction resolved to below grade 2 within 14 d of onset, transient (<72-h) grade 4 hepatic enzyme abnormality, pre-existing coagulopathy, grade 3 or 4 fever lasting 7 d or less, grade 3 diarrhea that resolved to grade 2 within 4 d, grade 3 nausea and/or anorexia, any infusion-related toxicity occurring within 24 h that would resolve with minimal intervention and grade 3 CRS. CRS was graded and managed on the basis of Lee et al. 51 . Additionally, subjects with abnormal blood counts at baseline due to bone marrow involvement were not evaluable for hematologic toxicity analysis.
To evaluate possible neurotoxic effects, psychologists administered a brief (<1-h) neurocognitive battery to patients before (baseline) and at 1 month after (days 21-28) CD22-CAR T cell infusion. The test battery consisted of the NIH Toolbox computerized test 1 evaluating attention, working memory, cognitive flexibility and a paper-and-pencil test assessing processing speed 2 . At baseline and then at approximately 14 and 21 d post-infusion, the caregiver of the patient or the adult patient completed a neuro-symptom checklist that assessed fever, auditory or visual hallucinations, responsiveness to commands, disorientation, depressed mood and pain 52 .
Eligibility. Patients were eligible if their disease had recurred after standard upfront therapy and at least one salvage therapy. There was no limit on the number of previous salvage therapies the patient might have received. Prior allogeneic stem cell transplant was allowed if at least 100 d had elapsed since transplant, there was no evidence of graft-versus-host disease (GVHD) and the patient was off systemic immunosuppression for at least 30 d before enrollment. Patients who had received prior CD19-CAR therapy were eligible if at least 30 d had elapsed since CD19-CAR infusion and circulating levels of genetically modified cells were <5% as determined by flow cytometry.
Eligibility required a performance status of ≥50% by Karnofksy for patients >16 years of age or ≥50% using the Lansky scale for patients <16 years of age. Minimal weight for eligibility was 15 kg. Patients with asymptomatic CNS1 or CNS2 leukemia were eligible, whereas patients with symptomatic or CNS3 leukemia were ineligible, as previously described 12 . Patients with isolated CNS or testicular leukemia were not eligible.
Patients with uncontrolled intercurrent infection, other malignancies, illnesses or conditions that would limit their ability to tolerate or comply with the study requirements were ineligible. Patients were also ineligible if they demonstrated seropositivity for HIV or hepatitis C virus (HCV) or positive testing for hepatitis B virus (HBV) surface antigen or if they had a history of hypersensitivity to the agents required for the treatment regimen. Other exclusion criteria included inadequate liver function, defined as total bilirubin >2× the upper limit of normal (ULN) (except for patients with documented Gilbert's) or transaminase levels >3× ULN, renal function <60 ml/min per 1.73 m 2 or hyperleukocytosis (≥50,000 circulating blasts/µl blood).
Systemic chemotherapy must have been completed >2 weeks before enrollment (>6 weeks for clofarabine or nitrosureas), radiation therapy must have been completed >3 weeks before enrollment, monoclonal antibody therapy must have been completed at least 30 d or 5 half-lives before enrollment, and investigational antineoplastic therapy must have been completed at least 30 d before enrollment. No washout period was required for intrathecal chemotherapy, hydroxyurea (provided no increase in dose in the 2 weeks before enrollment), standard maintenance ALL therapy or physiologic steroid replacement.
CD22-CAR construct and manufacturing of CD22-CAR T cells.
The CD22-CAR contains a fully human single-chain fragment variable region generated from a human B cell phage library 30 , a CD8 transmembrane domain and CD3 zeta plus 4-1BB signaling chains (CD22.BB.z) as previously described and as illustrated in Figure 1a 19, 35 . All patients received an identical preparative regimen consisting of fludarabine at a dose of 25 mg/m 2 per day on days -4, -3 and -2 and cyclophosphamide at a dose of 900 mg/m 2 on day -2, with CD22-CAR T cell infusion on day 0.
CD22-CAR T cells were produced in the Cell Processing Section of the Department of Transfusion Medicine, NIH Clinical Center. This laboratory operates under principles of Good Manufacturing Practices and Good Clinical Laboratory Practice with established Standard Operating Procedures (SOPs) and/or protocols for sample receipt, processing, freezing and analysis. All patients underwent leukapheresis within 5 d of enrollment. Leukapheresed peripheral blood mononuclear cells were either placed directly into culture or cryopreserved before culture initiation on a subsequent day. In cases in which substantial numbers of myeloid cells were present in the apheresis products, elutriation and/or plastic adherence 53 was performed on the basis of evidence that such cells inhibited expansion 54 . The lentiviral vector containing CD22. BB.Z-CAR was produced by Lentigen. Cells were expanded in sterile bags in a 37 °C incubator for 9 d, with an additional 3 d of culture permitted to allow resolution of intercurrent clinical events. If more than 3 d was required, cells were cryopreserved and then thawed immediately before infusion. Final product release criteria required the following: cell viability ≥70%, cell number within 20% of planned dose, % CAR T cells ≥15% as measured using CD22-Fc fusion protein, endotoxin 5 EU/ml, mycoplasma negativity, gram stain and culture negativity and vesicular stomatitis virus (VSV-G) DNA (as a surrogate marker for replication-competent lentivirus (RCL) negativity as determined by qPCR. In process, culture-based testing was also performed on an aliquot of the product at the National Gene Vector Laboratory (Indiana University) using assays for p24 antigen and product-enhanced reverse transcriptase assay (PERT) to complete testing for RCL.
Response monitoring. Baseline bone marrow aspirate and biopsy and lumbar puncture were performed within the 14 d before the start of the lymphodepletion preparative regimen, and then response was monitored via bone marrow aspirate and biopsy and lumbar puncture performed 28 ± 4 d from cell infusion and at 2, 3, 6, 9 and 12 months. CR was defined by morphologic assessment of the bone marrow as M1 (<5% leukemic blasts) with no evidence of extramedullary disease. MRD was assessed through multiparametric flow cytometry conducted at the NCI Laboratory of Pathology using standard techniques.
Cytokine assays, PCR and flow cytometry. Plasma was cryopreserved before measurement of cytokines in a multiplex format according to manufacturer's instructions (Meso Scale Discovery, Gaithersburg, MD, USA). CD22-CAR T cell expansion was measured through qPCR (Life Technologies, Grand Island, NY, USA), which was adapted from published methods 55 . Briefly, measured CAR copies per 100 ng DNA were normalized to the input quantity of amplifiable DNA by measurement of the single-copy gene CDKN1A. 
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All attempts at replication of the pre-clinical experiments were successful
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